A current question in biofilm research is whether biofilm-specific genetic processes can lead to differentiation in physiology and function among biofilm cells. In Pseudomonas aeruginosa, phenotypic variants which exhibit a small-colony phenotype on agar media and a markedly accelerated pattern of biofilm development compared to that of the parental strain are often isolated from biofilms. We grew P. aeruginosa biofilms in glass flow cell reactors and observed that the emergence of small-colony variants (SCVs) in the effluent runoff from the biofilms correlated with the emergence of plaque-forming Pf1-like filamentous phage (designated Pf4) from the biofilm. Because several recent studies have shown that bacteriophage genes are among the most highly upregulated groups of genes during biofilm development, we investigated whether Pf4 plays a role in SCV formation during P. aeruginosa biofilm development. We carried out immunoelectron microscopy using antiPf4 antibodies and observed that SCV cells, but not parental-type cells, exhibited high densities of Pf4 filaments on the cell surface and that these filaments were often tightly interwoven into complex latticeworks surrounding the cells. Moreover, infection of P. aeruginosa planktonic cultures with Pf4 caused the emergence of SCVs within the culture. These SCVs exhibited enhanced attachment, accelerated biofilm development, and large regions of dead and lysed cells inside microcolonies in a manner identical to that of SCVs obtained from biofilms. We concluded that Pf4 can mediate phenotypic variation in P. aeruginosa biofilms. We also performed partial sequencing and analysis of the Pf4 replicative form and identified a number of open reading frames not previously recognized in the genome of P. aeruginosa, including a putative postsegregational killing operon.
Bacteria in biofilms often form densely packed, matrix-encased structures (microcolonies) in which steep oxygen and nutrient availability gradients can occur (10, 53) . Bacterial adaptation to such highly heterogeneous and changing conditions is thought to include the development of phenotypic variants, which may become established as niche specialists within the biofilms (2, 43, 48) . One such example is the significant variation observed among Pseudomonas aeruginosa colonies obtained from laboratory biofilms, as well as from persistent clinical infections caused by P. aeruginosa. The variants include mucoid (11, 37) , dwarf (12, 18, 19, 37, 58) , lipopolysaccharidedeficient (9) , rough (37) , hyperpiliated (12, 19) , and antibioticresistant (14) colonies. Although much remains to be learned about the processes that cause phenotypic variation within biofilms, the variants may reflect inducible mechanisms that generate genetic variability under stress conditions or when there is significant environmental change.
Bacteria possess diverse mechanisms that may lead to an increase in genetic and phenotypic variability under stress conditions. These mechanisms include adaptive mutation (3, 43, 55) , phase variation (14) , and enhanced gene transfer through conjugation and transformation (17, 20, 41) . In addition, the relationship between bacterial stress responses and the mobility of bacteriophages has been extensively documented, and bacteriophage transduction is now increasingly recognized as a process that is important in gene transfer within natural bacterial populations (40) . Moreover, bacterial prophages can cause DNA inversions and phenotypic variation (32, 57) , and bacteria often acquire phenotypic traits, such as virulence factors (13) , from the genome of an infecting bacteriophage.
Recent studies have shown that bacteriophage genes are among the most highly upregulated groups of genes during biofilm development in both gram-positive and gram-negative bacteria (52, 64) . In P. aeruginosa, genes of a Pf1-like filamentous bacteriophage, which exists as a prophage in the genome of P. aeruginosa, showed up to 83.5-fold activation during biofilm development compared with expression in planktonic cells (64) . Other studies have shown that activation of Pf1 genes in biofilms is regulated by quorum sensing in P. aeruginosa (21, 59) . Moreover, the activity of the Pf1-like phage is also linked to the killing and lysis of a subpopulation of P. aeruginosa cells within biofilms (60) . Induction of the Pf1-like phage (designated Pf4) in P. aeruginosa may therefore represent an important physiological and developmental event during biofilm development.
Here we show that activity of the Pf4 phage in P. aeruginosa biofilms is linked to the emergence of a subpopulation of cells with a small-colony phenotype in the effluent runoff from the biofilms. These cells have high densities of filamentous phage on the cell surface, exhibit enhanced adhesion and microcolony development, and occur in high numbers in the biofilm runoff. Our data suggest that Pf4 small-colony variants (SCVs) play an important role in biofilm development, as well as in the colonization of new surfaces during biofilm dispersal.
MATERIALS AND METHODS
Strains and culture conditions. P. aeruginosa strain PAO1 (26) was used in this study. Batch cultures of P. aeruginosa were grown at 37°C with shaking in Luria-Bertani medium. For cultivation of biofilms, M9 medium containing 48 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 9 mM NaCl, 19 mM NH 4 Cl, 2 mM MgSO 4 , 100 M CaCl 2 , and 5 mM glucose was used.
Biofilm experiments. P. aeruginosa PAO1 wild-type and small-colony variant biofilms were grown in continuous-culture flow cells (channel dimensions, 1 by 4 by 40 mm) at room temperature as previously described (42) . The channels were inoculated with 0.5 ml of early-stationary-phase cultures containing approximately 1 ϫ 10 9 cells ml Ϫ1 and incubated with no flow for 1 h at room temperature. Flow was then started with a mean velocity in the flow cells of 0.2 mm s Ϫ1 , corresponding to laminar flow with a Reynolds number of 0.02. Biofilms were stained with a LIVE/DEAD BacLight bacterial viability kit (Molecular Probes Inc., Eugene, Oreg.) and were visualized by using a confocal laser scanning microscope (Olympus). The two stock solutions of the stains (SYTO 9 and propidium iodide) were diluted to a concentration of 3 l ml Ϫ1 with biofilm medium and injected into the flow channels. Live SYTO 9-stained cells and dead propidium iodide-stained cells were visualized with a confocal laser scanning microscope (Olympus) by using fluorescein isothiocyanate and tetramethyl rhodamine isocyanate optical filters, respectively. For isolation of colony variants, 1-ml aliquots of the effluent biofilm runoff (spent culture medium emerging from the flow cell reactor and containing detached biofilm cells) were collected after 1, 3, 5, 7, and 9 days of biofilm development. These effluent samples were then serially diluted 10 Ϫ2 to 10 Ϫ6 and plated onto Luria-Bertani agar. The plates were observed for colony variants after 48 h of incubation at 37°C.
To obtain statistically based, quantitative measurements during biofilm development, we characterized biofilm morphology by using the COMSTAT program (23) . Biofilms were stained with acridine orange (ProSciTech, Kelso, Australia). At each time examined, five image stacks were recorded for three replicate biofilms, which resulted in 15 image stacks for each strain studied. Images were acquired at 2-m intervals through the biofilm at random positions in the flow cell at three times (1, 3, and 7 days) as previously described (23) by using a confocal laser scanning microscope. The following parameters were assessed: total biovolume (in cubic micrometers per square micrometer), maximum thickness (in micrometers), average thickness (in micrometers), and average microcolony area at the substratum (in square micrometers).
Adhesion assay. We compared the abilities of wild-type and SCV strains to adhere to wells of polystyrene microtiter plates using an adhesion assay similar to that described previously (45) . P. aeruginosa and SCV cultures were grown to an optical density at 600 nm of 0.6. Cells were centrifuged (6,000 ϫ g for 15 min) and resuspended to an optical density at 600 nm of 0.1. Aliquots (200 l) of cells were then placed into 96-well microtiter plates and incubated for 2 h at 37°C. After this 25 l of a 1% solution of crystal violet (CV) was added to each well, and the plates were incubated at room temperature for 15 min and rinsed three times with water. Ethanol (200 l) was then added to each well to extract the CV, and the extent of CV staining was measured with an enzyme-linked immunosorbent assay plate reader (Wallac, Perkin Elmer) at 600 nm.
Bacteriophage experiments. Isolation of Pf4 PFU from biofilms, determination of phage titers, and large-scale preparation and purification of Pf4 were carried out as described previously (60) . Infection of planktonic P. aeruginosa cultures with Pf4 was carried out at a multiplicity of infection of 10. For the preparation of replicative-form (RF) DNA of Pf4, a 1-liter early-log-phase culture of P. aeruginosa PAO1 was infected with Pf4. After 12 h of incubation with shaking (150 rpm), cells were harvested by centrifugation at 7,000 rpm, and the supernatant was discarded. The DNA pellet was washed with 100 mM NaCl-10 mM Tris-1 mM EDTA (pH 8) and then resuspended in 20 ml of 10 mM Tris (pH 8.0). Cell lysis and extraction of RF DNA were performed by using a QIAGEN Maxiprep kit (QIAGEN, Hilden, Germany). The final pellet was resuspended in 150 l of 10 mM Tris-1 mM EDTA (pH 8) and visualized on an agarose gel, and the 12-kb RF band was excised from the gel and purified with a QIAquick kit (QIAGEN, Hilden Germany).
To confirm production of the Pf4 RF and to accurately delineate Pf4 within the P. aeruginosa PAO1 genome, we amplified a region of the RF predicted to contain the region of recircularization of the RF (i.e., the region containing the direct repeats which flank the predicted phage genome) (28) . Thus, we designed primers that amplified a product only from the Pf4 RF and not from the Pf4 prophage in the genome of P. aeruginosa. Primers Pf4F (5Ј-AGCAGCGCGAT GAAGCAAT-3Ј), corresponding to bp 2756 to 2774 of GenBank accession no. AE004508, and Pf4R (5Ј-TAGAGGCCATTTGTGACTGGA-3Ј), targeting bp 1566 to 1546 of GenBank accession no. AE004507, were used for this purpose. The 839-bp PCR product was purified by using a QIAGEN PCR cleanup kit (QIAGEN, Valencia, Calif.) and was sequenced by using the BigDye termination reaction (Applied Biosystems, Melbourne, Australia) and an ABI 3730 sequencer. For analysis of the Pf4 genome (obtained from the P. aeruginosa PAO1 genome sequence) and the Pf1 genome, sequences were compared by using the National Center for Biotechnology Information BLAST and ORF Finder programs.
In order to examine in more detail the role of the Pf4 prophage in biofilm development, P. aeruginosa mutant strains with double-crossover knockout insertions in Pf4 were generated in a previous study (60) . However, DNA replication in filamentous phages involves the generation of double-stranded circular copies of the genome known as replicative forms, which are stably maintained in generations of bacterial cells. Despite extensive efforts, we have been unable to generate mutations in the prophage and all of its RF copies. PCR amplification of the region encoding the Gm r knockout insertion consistently generated two products corresponding to mutant copies of the phage (containing the Gm r double-crossover insertion) and to the same region of the wild-type phage. We have also tried extensively to cure the P. aeruginosa Pf4 mutant strain of the RF by plate culturing methods without success. The genome of Pf4 contains a putative toxin-antitoxin (plasmid stabilization) operon identified in this study. While we do not yet know if this operon is functionally expressed in P. aeruginosa, it is possible that cured cells may be inhibited or killed by this system, which may explain why inactivation of the prophage has not been possible.
Preparation of antibodies and immunolabeling. Anti-Pf4 polyclonal antibodies were developed by using a synthetic peptide (Auspep, Parkville, Australia) with the following amino acid sequence: Gly-Val-Ile-Asp-Thr-Ser-Ala-Val-GluSer-Ala-Ile-Thr-Asp-Gly-Cys. This sequence corresponds to residues 1 to 15 of CoaB (PA0723; the major coat protein of the filamentous phage virion) of Pf1 (and of Pf4), which is exposed on the outer surface of the bacteriophage virion (35, 61 ). An extra cysteine residue was added to the N terminus of this peptide for coupling to the carrier protein, keyhole limpet hemocyanin. A rabbit was immunized by using three subcutaneous injections, each containing 300 g of the keyhole limpet hemocyanin-conjugated CoaB peptide (Institute of Medical and Veterinary Science, Adelaide, Australia). The serum titer and specificity of the polyclonal antibodies were monitored by an enzyme-linked immunosorbent assay and Western blot analysis.
Electron microscopy and immunogold labeling of Pf4 virions. Immunogold electron microscopy was carried out with SCV and wild-type cells grown on agar plates for 18 h at 37°C, essentially as described previously (50) . Bacteria scraped from an agar surface with a cotton swab were suspended in phosphate-buffered saline (PBS). A drop (50 l) of this suspension was placed onto a sheet of Parafilm. A carbon-and Formvar-coated nickel grid was placed on the drop, with the coating facing the drop, for 2 min and then sequentially onto drops of the following reagents (at room temperature): PBS containing 0.1% glutaraldehyde (5 min), PBS containing 50 mM NH 4 Cl (5 min), PBS containing 1% bovine serum albumin (BSA) and 1% normal goat serum (5 min), and rabbit anti-Pf4 antiserum diluted 1/100 in PBS containing 1% BSA and 1% normal goat serum (30 min). After three washes in PBS containing 0.1% BSA (2 min each), the grid was placed on a drop of immunoglobulin-gold-conjugated anti-rabbit immunoglobulin G (heavy and light chains) (12-nm-diameter gold particles; Jackson Immunoresearch) diluted in PBS (30 min). The grid was subjected to three washes in PBS (3 min each), fixed in 1% glutaraldehyde in PBS (5 min), and washed twice in distilled water (5 min each). The grid was then treated with a drop of 1% uranyl acetate for 30 s. The grid was air dried and examined with a Hitachi H7000 transmission electron microscope.
RESULTS AND DISCUSSION
Emergence of SCVs in the biofilm effluent correlates with the release of plaque-forming Pf4 phage variants. Previously, genes of a Pf1-like filamentous prophage were found to be highly upregulated during P. aeruginosa biofilm development (64) , and mature biofilms of P. aeruginosa were found to release a filamentous phage (designated Pf4) capable of forming plaques on the P. aeruginosa host strain (60) . Because filamentous phage infection can cause small colonies in Escherichia coli cultures (30), we hypothesized that filamentous phage may also be important in the formation of P. aeruginosa SCVs during biofilm development. We therefore compared the CFU and phage PFU counts on agar plates using the effluent runoff from P. aeruginosa biofilms ( biofilm development we observed between 1.3 ϫ 10 6 and 3.7 ϫ 10 6 CFU ml of effluent Ϫ1 , and all of the colonies resembled those normally formed by the parental P. aeruginosa strain. No phage were detected in the effluent during this period. However, after 7 days, we observed simultaneous emergence of 1 ϫ 10 5 SCVs ml Ϫ1 and 1 ϫ 10 7 PFU of phage Pf4 ml Ϫ1 , along with 3.0 ϫ 10 6 CFU of wild-type large colonies ml Ϫ1 . Colonies of the SCVs were approximately 0.5 to 1.5 mm in diameter, whereas parental-type colonies were Ͼ4 mm in diameter (Fig.  1a) .
We picked colonies from the 18-h agar plates for culture and found that all of the SCVs, but not wild-type colonies, contained superinfective (able to form plaques on the lysogenic P. aeruginosa strain) Pf4 bacteriophage (approximately 1 ϫ 10 7 PFU ml Ϫ1 ). To confirm that these SCVs were variants of P. aeruginosa PAO1 and not a contaminant, we sequenced regions of the 16S ribosomal DNA of these variants and found 100% identity with the P. aeruginosa genome sequence (54) . We selected one variant, designated SCV7, for subsequent investigation.
Immunoelectron microscopy reveals dense latticeworks of Pf4 filaments surrounding SCV cells. Because SCV colonies contained high numbers of Pf4, we expected that electron microscopic examination would reveal high densities of Pf4 filaments on the surface of SCV cells compared to cells of the wild-type strain. We therefore carried out immunoelectron microscopy of P. aeruginosa cells from normal and SCV7 colonies using antibodies raised against the Pf4 major coat protein. SCV7 colonies, but not wild-type colonies, contained cells that were surrounded by high densities of Pf4 filaments (Fig.  2) . The original immunoelectron microscopic descriptions of filamentous phage Pf in P. aeruginosa of Bradley (4) also indicated that there were phage filaments that were often tightly interwoven in skeins, identical to our observations. Previously, small-colony variants that emerge from P. aeruginosa biofilms have been reported to overproduce type IV pili on the cell surface (12, 19) . Type IV pili are structurally very similar to filamentous phage virions, and they are often indistinguishable by electron microscopy. To obtain further evidence that the hyperfilamentation observed in this study was principally due to Pf4 filaments, we grew biofilms using a P. aeruginosa mutant with a knockout insertion in pilA, which codes for the major structural subunit of the type IV pilus (29) . We found that mature ⌬pilA biofilms also produced SCVs (⌬pilA-SCVs) that contained Pf4 PFU and exhibited similar high densities of surface Pf4 filaments when they were examined by immunoelectron microscopy (Fig. 2d) . These data suggest that Pf4 virions are the principal cause of hyperfilamentation in SCV7.
Addition of Pf4 virions to P. aeruginosa cultures generates SCVs. To further investigate the role of Pf4 in SCV formation, we infected planktonic cultures of P. aeruginosa with CsCl gradient-purified Pf4. We found that after 12 h of incubation in the presence of the phage, all of the cells in the culture grew with a small-colony phenotype (Fig. 1b) , whereas uninfected cultures produced normal-size colonies. The appearance of these SCVs (designated Pf4-SCVs) was identical to the appearance of SCVs that emerged from the biofilm and also exhibited high densities of filamentous phage on the cell surface, just like SCV7 (data not shown).
How might filamentous phage arise and cause an altered colony phenotype in the host bacterium? Wild-type Pf4, like other filamentous phages, establishes a symbiotic state with its host and is continuously released from P. aeruginosa cells under normal culture conditions (60, 64) . These wild-type phage do not form visible plaques, have little effect on the growth of the lysogenized P. aeruginosa host strain, and do not generate SCVs. Thus, SCVs are not formed by induction of the wildtype phage. However, filamentous phage that can overcome the lysogenic immunity of the host strain often spontaneously arise in infected cultures (9, 17, 32, 35, 46) . Such mutants can cause marked decreases in cellular DNA, RNA, and protein synthesis (25, 26, 35) , can kill over 60% of the infected cells (31) , and can result in a colony size that is considerably smaller than that of the uninfected cells (31) . Phage that emerge from mature P. aeruginosa biofilms may represent such variant forms of Pf4, and P. aeruginosa cells that can propagate variant phage without being killed likely form SCVs. However, the mechanism of lysogenic immunity to Pf4 and the mechanism by which spontaneous phage variants may overcome this immunity are unknown.
We expected that SCVs would grow more slowly than the wild-type strain in planktonic culture. In fact, SCVs exhibited growth rates similar to those of the wild-type strain (the mean doubling times for the wild-type and SCV7 strains during early logarithmic growth were 47.4 and 43.2 min, respectively); thus, the SCV phenotype is not caused by slower growth of Pf4-infected cells. Small colonies could also be produced if SCV cells adhere more tightly to one another than the wild-type strain cells adhere to one another. Indeed, aggregation of cells in SCV planktonic cultures could normally be observed by eye (data not shown), and SCV cells were found to be more adherent to wells of microtiter plates (see below). Biofilms formed by SCVs and by Pf4-infected cells show enhanced attachment and microcolony development. We examined the ability of wild-type, ⌬pilA, SCV7, ⌬pilA-SCV, and Pf4-SCV strains to attach to an inanimate surface. The SCV strains each showed increased (twofold or more) attachment to the wells of polystyrene microtiter plates (Fig. 3) . Enhanced attachment of ⌬pilA-SCV compared to the ⌬pilA strain suggests that type IV pili are not responsible for the increased attachment observed in this study.
The mechanism by which filamentous bacteriophages may lead to increased surface attachment and autoaggregation is unclear. During bacterial attachment, an energy barrier (known as the secondary minimum) is presented to cells, whereby electrostatic repulsion can prevent closer approach of the cell to the surface (7). Because of their extremely small radii, cell surface filaments, such as type IV pili, can extend through this energy barrier and facilitate bridging and permanent attachment of cells to the surface (36) . The copious production of interwoven phage filaments could allow a large number of phage filaments to be in contact with the bacterial cell surface at any one time. Possibly, high numbers of Pf4 with low-affinity binding to the substratum or other bacterial cells could result in enhanced adhesion, as described for type IV pili or other cell surface filaments.
We also grew biofilms of the SCVs in continuous cultures in glass flow cells. Both the biofilm (SCV7) and planktonically derived SCVs were capable of forming much larger attached microcolonies than the wild-type strain formed (Fig. 4) . For the wild-type strain, the diameter of microcolonies did not exceed 75 m at any stage during biofilm development. In contrast, after 5 days of biofilm development, SCVs frequently Fig. 4b and c) .
We also compared biofilm development in wild-type and phage-expressing cells using the COMSTAT software (23) . The results of this analysis are shown in Table 2 . The maximum biofilm thickness and mean microcolony area were significantly greater for the SCV7 strain than for the wild-type strain at each of the times studied. SCVs obtained from Pf4-infected planktonic cultures also showed significantly increased maximum biofilm thickness and microcolony area after 3 days of biofilm development. While not always significantly higher as determined by analysis of variance, the mean biomass and thickness were also consistently greater for SCVs than for the wild type throughout biofilm development (Table 2) .
In biofilms formed with SCVs, we also observed complex heterogeneity within the microcolonies, which contained large regions of dead and lysed cells, as well as hollow voids that did not contain cells. The killing and lysis within microcolonies occurred much earlier in SCV biofilms (4 to 5 days) than in wild-type biofilms (after 7 days, as observed previously) (60) . Pf4 has previously been linked with the death and lysis of a subpopulation of cells inside microcolonies in mature (7-day) P. aeruginosa biofilms (60) . Filamentous bacteriophages can kill a proportion of host cells (25, 30, 31, 34, 46, 51) . The consequences of this cell death for surviving cells within the biofilm and for the propagation and dispersal of the bacteriophage remain to be fully elucidated. For example, it is possible that nutrients released by cell death in this manner are assimilated by other bacteria in the biofilm (49, 56) .
Several mechanisms may explain how Pf4 activity leads to the formation of colonies that are larger and more differentiated than the wild-type strain colonies. We observed that SCV7 and phage-producing strains were unable to carry out type IV pilus-mediated twitching motility (data not shown), possibly because filamentous phages use the type IV pilus as the receptor for infection (38) and might therefore interfere with pilus function. Previously, mutant P. aeruginosa strains that were not capable of twitching motility were found to form larger microcolony structures than the wild-type strain (22, 29) . However, other studies showed that type IV pilus mutants were unable to form microcolonies (44) ; thus, the role of type IV pili in microcolony development appears to vary depending on the experimental system used. In this study, biofilms formed by the ⌬pilA strain exhibited microcolonies similar to the wildtype strain microcolonies (data not shown); thus, impaired twitching motility is unlikely to be the cause of enhanced microcolony development in SCV strains.
Another possible mechanism for enhanced microcolony formation is that high densities of filamentous phage on the cell surface may play a direct role in the cohesion of biofilm cells. In E. coli, expression of conjugative plasmid-encoded pili can lead to enhanced microcolony and biofilm formation (16, 47) . This process is thought to facilitate plasmid maintenance within the population by allowing high rates of infectious transfer (16) . Filamentous bacteriophages share striking functional similarities with conjugative plasmids; indeed, several authors have suggested that conjugative pili may have evolutionary links with filamentous bacteriophages (1, 5, 62 ). Because bio- film formation would similarly enhance the maintenance and infectious transfer of bacteriophages within the host cell population, it is interesting to consider whether the cohesion of biofilm cells by filamentous structures may have its evolutionary origins among the filamentous bacteriophages.
Analysis of the Pf4 genome. A previous study in our laboratory (60) and the present study confirmed the production of virions encoded by the Pf4 prophage of P. aeruginosa. To provide more information about the genome of Pf4, we extracted the RF plasmid from Pf4-infected cells and used primers Pf4F and Pf4R to amplify the predicted region of recircularization of the phage genome (8, 28) from the RF DNA. Our data confirm that the RF recircularizes by using the repeat sequence TGGAGCGGGCGAAGGGAATCGAACCCT located in the intergenic sequence between PA0714 and PA0715 and within the tRNA Gly site of PA0729.1. The sequences predict a 12,437-bp viral genome, based on analysis of the published genome sequence of P. aeruginosa (54) . A comparison of the genomes of Pf1 and Pf4 is shown in Fig. 5 . Major differences include the presence of genes encoding a putative reverse transcriptase (PA0715) and an ATPase component of an ABC transporter (PA0716) in the Pf4 genome. On the complementary intergenic region between PA0716 and PA0717 (ORF71) is an open reading frame (ORF) with 42% homology to the sequence encoding the repressor C protein of phage P2 (GenBank accession no. WPBPP2). We also found two ORFs, 9 bp apart, encoding proteins with high levels of homology to the prevent host death (phd) antitoxin protein of Pseudomonas syringae (79% identity; GenBank accession no. NP 790091.1) (6) and the conserved domain of the ParE plasmid stabilization toxin of broad-host-range plasmid RK2 (84.7% identity; GenBank CD no. COG3668.1) (27) . These genes are similar in size and organization to other described toxin-antitoxin modules (15) and suggest that Pf4 may have acquired a host addiction module or programmed cell death operon. These modules can facilitate the maintenance of plasmids (27) and phages (33) by killing cells that have lost the plasmid or phage postsegregation. To our knowledge, a chromosomally located toxin-antitoxin system has not previously been described in P. aeruginosa, and we are currently exploring whether this module is functionally expressed in P. aeruginosa biofilms.
In summary, this study revealed a role for the P. aeruginosa prophage Pf4 in the development of small-colony phenotypic variants during biofilm formation. These variants exhibit high densities of phage filaments on the cell surface, as well as enhanced attachment (two to threefold) and microcolony development. Bacteriophage-mediated SCVs may represent an important dispersal phenotype with enhanced colonization traits, which can originate from established P. aeruginosa biofilms in natural environments. Further studies are also needed to determine the significance of high densities of Pf4 filaments as a structural component within the matrix of both laboratory and clinical P. aeruginosa biofilms. Recently, extracellular DNA has been reported to be an important component of the extracellular matrix in P. aeruginosa (39, 63) . Release of high numbers of DNA-containing Pf4 phage within biofilms may provide one mechanism by which DNA can accumulate in the extracellular matrix of P. aeruginosa biofilms.
